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Mutations in RecQL4 are a causative factor in Rothmund–Thomson syndrome, a human autosomal recessive disorder characterized by
premature aging. To study the role of RecQL4, we employed a cell-free experimental system consisting of Xenopus egg extracts. RecQL4 loading
onto chromatin was observed regardless of the presence or absence of EcoRI. However, in the absence of EcoRI, RecQL4 loading was suppressed
by geminin, an inhibitor of pre-replicative complex formation, while in the presence of EcoRI, it was not affected. These results suggest that under
the former condition, RecQL4-loading depended on DNA replication, while under the latter, the interaction occurred in response to double-
stranded DNA breaks (DSBs) induced by EcoRI. DSB-induced RecQL4 loading depended on the function of the ataxia-telangiectasia mutated
protein, DNA-dependent protein kinase (DNA-PK), and replication protein A, while there were only minor changes in DNA replication-associated
RecQL4 loading upon suppression of these proteins. Furthermore, analyses using a chromatin-immunoprecipitation assay and quantification of
γH2AX after induction of DSBs suggested that RecQL4 is loaded adjacent to Ku heterodimer-binding sites on damaged chromatin, and functions
in the repair of DSBs.
© 2007 Elsevier B.V. All rights reserved.Keywords: RecQL4; Double-strand DNA break repair; Ku heterodimer; DNA-dependent protein kinase (DNA-PK); Non-homologous end-joining (NHEJ)1. Introduction
Rothmund–Thomson syndrome (RTS) is an autosomal
recessive inherited disease characterized by premature aging,
developmental abnormalities, and predisposition to cancers
such as osteogenic sarcoma [1–3]. Some features of RTS are
reportedly caused by mutations of human RecQL4, one of the
human RecQ family proteins, which are highly homologous to
RecQ DNA helicase in Escherichia coli [4]. It has also been
reported that distinct RecQL4 mutations result in RAPADI-
LINO syndrome [5] and Baller–Gerold syndrome [6], suggest-
ing that RecQL4 has multiple functions.⁎ Corresponding author. Tel.: +81 22 795 6876; fax: +81 22 795 6873.
E-mail address: tada@mail.pharm.tohoku.ac.jp (S. Tada).
0167-4889/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2007.01.005Cells from mice lacking the carboxyl-terminal half of
RecQL4 showed centromeric anomalies and aneuploidy [7].
Recently, RecQL4 has been implicated in homologous recom-
bination repair (HRR) in HeLa cells [8] and Arabidopsis
thaliana [9]. These reports indicate that RecQL4 plays a role in
the maintenance of genomic integrity.
Analysis in vitro using Xenopus egg extracts demonstrated
that RecQL4 is required for the initiation of DNA replication
prior to the loading of replication protein A (RPA), a single-
stranded DNA-binding protein complex in eukaryotes that
marks unwound origins of replication before polymerase
recruitment [10,11], most likely by interacting with Cut5/
Dpb11 [11]. Despite the evidence showing that RecQL4 plays an
important role in the initiation of DNA replication, this function
of RecQL4 cannot be directly implicated in disease pathology,
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in embryonic lethality.
In the present work, we examined the biochemical behavior
of RecQL4 in response to EcoRI-induced double-stranded
DNA breaks (DSBs) using Xenopus egg extracts. RecQL4
activity in DSB repair appeared to be distinct from its activity in
DNA replication, and may play a role in the maintenance of
genomic stability. We showed that RecQL4 accumulates on
chromatin in a DNA replication-independent manner in
response to DSBs in Xenopus egg extracts. This association
appeared to depend on RPA, DNA-PK, and the ataxia
telangiectasia-mutated protein (ATM)-dependent checkpoint
pathway, but not on DNA replication or Rad51. In addition,
we showed that RecQL4 binds to chromatin at DSB sites near
the Ku70 binding site. Our findings suggest that RecQL4 is
somehow concerned to Ku heterodimer- and DNA-PK-
dependent DSB repair pathway.
2. Materials and methods
2.1. Antibodies and recombinant proteins
DNA encoding the C-terminal 546 amino acids of Xenopus RecQL4 was
amplified by RT-PCR from Xenopus testis total RNA prepared using Sepasol
RNA (Nacalai Tesque Inc., Kyoto), and ligated into the BamHI site of the
pET-15b vector (Novagen, Madison, WI). The recombinant protein was
expressed as an N-terminal His6-tagged fusion with the C-terminus of
xRecQL4, in E. coli BL21 (DE3) pLysS™ cells (Stratagene, La Jolla, CA),
and affinity purified using Ni-NTA agarose (Qiagen Inc., Valencia, CA).
Rabbit antiserum was raised against the recombinant protein. The anti-Xenopus
Rpa30 rabbit polyclonal antibody was prepared as described previously [12].
The anti-Xenopus Mcm6 rabbit polyclonal antibody was raised against an N-
terminal His6-tagged fusion protein of the C-terminal 365 amino acids of
Xenopus Mcm6. The anti-Xenopus Rad51 rabbit polyclonal antibody was
kindly provided by Kazuhiro Maeshima and Toshihiro Horii (Osaka
University). The anti-Xenopus WRN rabbit polyclonal antibody was kindly
provided by Shou Waga (Osaka University). The anti-human Ku70 mouse
monoclonal antibody was purchased from NeoMarkers (Fremont, CA, USA).
The anti-human γH2AX mouse monoclonal antibody, and anti-human histone
H3 rabbit polyclonal antibody were purchased from Upstate (Charlottesville,
VA, USA). An N-terminal His6-tagged fusion protein of geminin was
expressed from a cDNA encoding Xenopus geminin H lacking a destruction
box [13,14]. An N-terminal GST-tagged fusion of human BRC4 (amino acids
1511–1579 of human BRCA2) was expressed in E. coli BL21 (DE3) pLysS
cells and purified using Glutathione-Sepharose 4B (Amersham Biosciences
Inc., Piscataway, NJ).
2.2. Preparation of Xenopus egg extract and demembranated sperm
nuclei
Xenopus eggs were treated with 0.2 μg/ml of the calcium ionophore A23187
(Roche Diagnostics, Basel) to release them into interphase, and extracts were
prepared as described previously [13,15]. Xenopus sperm nuclei were prepared
after demembranation with lysolecithin, as described previously [15].
2.3. Assays of the chromatin fraction and DNA replication
activity
The assay for DNA replication in the Xenopus egg extract, isolation of
chromatin fractions, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting were carried out according to standard protocols [13]. Results
of the DNA replication assay were presented relative to the results obtained
using non-treated extracts incubated for 180 min. EcoRI, caffeine and
wortmannin were purchased from Takara Bio Inc. (Ohtsu, Japan), Wako PureChemical Industries, Ltd. (Osaka, Japan) and Sigma-Aldrich Co. (St. Louis.
MO), respectively.
2.4. Immunodepletion
Immunodepletion was performed using anti-Xenopus Rpa30 or RecQL4
antibodies coupled to Protein A-Sepharose™ Fast Flow (Amersham Bios-
ciences Inc., Piscataway, NJ), as previously described [13]. In order to prepare
xRpa30-depleted, xRecQL4-depleted, or mock-treated extracts, Xenopus egg
extract was incubated for 60 min at 4 °C with equal volumes of anti-xRpa30,
anti-xRecQL4 or non-immune antibody-coupled ProteinA-Sepharose™ Fast
Flow, respectively.
2.5. Chromatin-immunoprecipitation (ChIP)
ChIP assays were carried out using the following procedure. Sperm nuclei
(5000 nuclei/μl) were incubated with egg extracts (50 μl) in the presence of
EcoRI (0.2 U/μl) for 45 min at 23 °C. After the incubation, samples were
resuspended in 1 ml of nuclear isolation buffer (NIB; 50 mM HEPES–KOH pH
7.6, 50 mM KCl, 2 mM MgCl2,, 2 mM dithiothreitol, 0.5 mM spermidine–
3HCl, 0.5 mM spermine–4HCl, 1 μg/ml leupeptin and 1 μg/ml pepstatin A)
supplemented with 0.1% TritonX-100 and 1% formaldehyde, and incubated on
ice for 10 min. Subsequently, 200 μl of 15% sucrose in NIB with 0.1% TritonX-
100 was layered under the sample and the chromatin fraction was collected by
centrifugation at 9100×g for 5 min in a swinging bucket rotor. After washing the
precipitate with 1 ml of 0.1% TritonX-100 in NIB, the chromatin fraction was
resuspended in 300 μl NIB with 0.1% TritonX-100 and sonicated 8 times for
10 s each time on ice using a VP-30 s homogenizer (Taitec, Koshigaya, Japan).
The sonicated samples were clarified by centrifugation at 2300×g for 5 min in an
angle rotor.
To verify the disruption of DNA in the chromatin fraction, the supernatant
was incubated for 60 min at 37 °C after the addition of 200 μg/ml proteinase K,
and DNA in the sample was then purified by phenol–chloroform extraction and
ethanol precipitation. The pellet was resuspended in 15 μl TE buffer (10 mM
Tris–HCl, pH 8.0 and 1 mM EDTA) and separated by electrophoresis on a 2%
agarose gel. DNA fragments were detected using 0.5 μg/ml ethidium bromide
(Nacalai Tesque Inc., Kyoto) in TE buffer.
For ChIP analysis, the supernatant of the sonicated fraction was incubated on
ice with 3 μl of non-immune or anti-xRecQL4 serum for 2 h, followed by an
incubation with 20 μl of Protein A-Sepharose™ Fast Flow (Amersham
Biosciences Inc., Piscataway, NJ) for an additional 2 h. The resultant antibody-
coupled Sepharose was washed 8 times with 0.1% TritonX-100 in NIB and 30 μl
of loading buffer for SDS-PAGE was added to each sample. This was followed
by thorough agitation for 3 min and boiling for at least 10 min to reverse the
formaldehyde crosslink, as described previously [16]. The samples were
separated by electrophoresis on 10% polyacrylamide gels and immunoblotted.
Protein bands recognized by primary antibodies were visualized by ECL
western blotting detection reagents (Amersham Biosciences Inc., Piscataway,
NJ) after incubation with horseradish peroxidase-conjugated protein A
(Amersham Biosciences Inc., Piscataway, NJ) diluted 1:2000 in phosphate
buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 8.04 mM Na2HPO4 and
1.47 mM KH2PO4) containing 0.05% Tween-20 and 1% skim milk.
2.6. γH2AX assay
Sperm nuclei (5000 nuclei/μl) were incubated for 5 min at 23 °C with mock-
treated or xRecQL4-depleted extracts (100 μl) in the presence of EcoRI
(0.05 U/μl). The reaction mixture was then mixed with 1 ml nuclear isolation
buffer (NIB; 50 mM HEPES–KOH, pH 7.6, 50 mM KCl, 2 mM MgCl2, 2 mM
dithiothreitol, 0.5 mM spermidine, 1 μg/ml pepstatin A, 1 μg/ml leupeptin,
0.01% Triton X-100), and the chromatin was collected by centrifugation through
200 μl of 15% sucrose in NIB at 8000 rpm in a swinging-bucket rotor for 5 min.
Chromatin was resuspended in 50 μl of mock-treated or xRecQL4-depleted
extracts, then 4 μl of the isolated chromatin was added to 16 μl of mock-depleted
or xRecQL4-depleted extracts, respectively, and incubated at 23 °C for the
indicated periods of time. The resultant chromatin fractions were isolated and
analyzed by immunoblot.
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3.1. Analysis of RecQL4 chromatin association in Xenopus egg
extracts
To study the behavior of RecQL4 during DNA replication or
in response to DSBs, demembranated sperm nuclei were
incubated in Xenopus egg extracts in the absence or presence
of EcoRI to introduce DSBs into the DNA, and the resultant
chromatin fractions were analyzed by immunoblot using anti-
RecQL4, anti-Ku70, or anti-Rpa30 antibodies. The immunoblot
was also probed for phosphorylated histone H2AX (γH2AX) as
an index for DSB-formation (Fig. 1A) [17]. In the absence of
EcoRI, the pre-replicative complex (pre-RC) formed within
15–20 min, DNA synthesis started to be observed at 30 min,
and DNA replication was mostly completed by 90 min (data not
shown) [12]. Peak amounts of RecQL4 were detected in the
chromatin fraction at approximately 30–45 min and gradually
declined thereafter (Fig. 1A, “none”). These data suggested that
RecQL4 associates with chromatin after chromatin loading of
the mini-chromosome maintenance complex (Mcm2–7) for pre-
RC formation (Supplementary Fig. S1), and dissociates as DNA
replication proceeds to completion.
In contrast, in the presence of EcoRI, loading of Rpa30 was
sustained for at least 90 min (Fig. 1A, “EcoRI”). This behavior
was distinct from the transient association of Rpa30 with
chromatin during initiation of DNA replication, and suggested
that EcoRI efficiently induces DSBs in sperm chromatin in this
experimental system. The presence of γH2AX in EcoRI-treated
fractions, which was not observed in the absence of EcoRI,
provided further evidence of the efficient induction of DSBs.
RecQL4 was recruited onto chromatin under these conditionsFig. 1. Chromatin association of RecQL4 in Xenopus egg extracts. (A) Demembra
(10 μl) at 23 °C for the indicated times in the absence (“none”) or presence of 0.2 units
the resultant chromatin fractions was analyzed by immunoblot. Histone H3 was in
extracts. (B) Demembranated sperm nuclei (2000 nuclei/μl) were incubated for 60
0.2 units/μl EcoRI (“EcoRI”) and/or 1 μM geminin. RecQL4 and Rpa30 in the resuwith kinetics similar to those of Rpa30. Chromatin association
of Ku70, which occurred at a low level in the absence of EcoRI,
was also detected, peaking at 45 min and becoming attenuated
thereafter.
To determine whether RecQL4 loading was dependent on
DNA replication, we examined the effect of geminin on
chromatin binding by RecQL4. Geminin prevents pre-RC
formation by inhibiting Cdt1, a protein essential for loading
Mcm2–7 onto chromatin [18,19]. In EcoRI-free extracts,
RecQL4 and Rpa30 were not detected in chromatin fractions
after the addition of geminin (Fig. 1B, “none”), which is
consistent with a previous report demonstrating that recruitment
of RecQL4 for DNA replication is dependent on, or accelerated
by pre-RC formation [10,11]. In contrast, RecQL4 and Rpa30
chromatin association was not affected by the presence of
geminin in the EcoRI-containing extracts, indicating that the
EcoRI-induced loading of RecQL4 was independent of DNA
replication (Fig. 1B, “EcoRI”). These results suggested that
chromatin association of RecQL4 in EcoRI-containing extracts
is due to the formation of DSBs by the restriction endonuclease.
3.2. Chromatin association of RecQL4 in RPA-depleted
extracts
DSBs are repaired by two distinct pathways, HRR and non-
homologous end joining (NHEJ) [20]. RPA is involved in
multiple steps in HRR [21,22], but also stimulates the rate and
extent of rejoining of non-homologous ends [23]. In addition,
RPA co-localizes with the Xenopus ortholog of Ku80 near the
site of DSBs in Xenopus sperm nuclei incubated in egg extracts
[24]. We were interested in whether the DSB-induced chromatin
association of RecQL4 was dependent on RPA.nated sperm nuclei (2000 nuclei/μl) were incubated with Xenopus egg extracts
/μl of EcoRI (“EcoRI”). The presence of RecQL4, Ku70, Rpa30 and γ-H2AX in
cluded in the analysis as a loading control (“H3”). “Ex”, 1 μl of Xenopus egg
min with Xenopus egg extracts (10 μl) in the absence (“none”) or presence of
ltant chromatin fractions were detected by immunoblot.
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antibody, and verified that the extracts retained RecQL4 and
Ku70 (Fig. 2A). Subsequently, demembranated sperm nuclei
were incubated with mock-treated or RPA-depleted extracts,
and the resultant chromatin fractions were analyzed for the
loading of RecQL4 and Ku70 by immunoblotting (Fig. 2B).
Chromatin binding by RecQL4 was not inhibited, but rather,
was enhanced by the depletion of RPA in EcoRI-free extracts,
indicating that RecQL4 loading is independent of, and may
occur prior to, RPA recruitment onto chromatin during the
initiation of DNA replication, as previously suggested [10].
In contrast, RecQL4 recruitment was severely reduced in
EcoRI-containing RPA-depleted extracts, while significant
RecQL4 chromatin association was observed in EcoRI-contain-
ing mock-treated extracts. DSB-induced chromatin binding of
Ku70 was not significantly affected by the depletion of RPA.
Thus, contrary to the suggested function of RecQL4 in DNA
replication, these results suggested that the role of RecQL4 in
the DSB-repair pathway is downstream of RPA function.
3.3. Chromatin association of RecQL4 when Rad51 function
has been impaired
RecQL4 was recently implicated in Rad51-dependent HRR
in HeLa cells [8]. To confirm whether the DSB-induced
chromatin association of RecQL4 observed in this study was
dependent on the function of Rad51, we generated a
recombinant glutathione-S-transferase fusion protein containing
the fourth BRC domain repeat from human BRCA2 (GST-Fig. 2. Analysis of chromatin association of RecQL4 in RPA-depleted extracts.
(A) Immunodepletion of Rpa30 from Xenopus egg extracts. Mock-treated
(mock) or Rpa30-depleted (ΔRPA) extracts (3 μl each) were subjected to
immunoblotting to detect RecQL4, Rpa30 and Ku70. (B) Demembranated
sperm nuclei (5000 nuclei/μl) were incubated for 75 min at 23 °C with 20 μl of
mock-treated (mock) or Rpa30-depleted (ΔRPA) Xenopus egg extracts in the
absence (“−”) or presence of 0.2 units/μl EcoRI (“+”). RecQL4, Rpa30 and
Ku70 in the resultant chromatin fractions were detected by immunoblotting.hBRC4), which reportedly impairs the formation of nuclear
Rad51-foci in mammalian cells [25]. EcoRI-induced chromatin
association of RecQL4 was then examined in the absence or
presence of GST-hBRC4 (Fig. 3). Although GST-hBRC4
efficiently eliminated the chromatin association of Rad51 in
Xenopus egg extracts, chromatin association of RecQL4 was
unchanged in the presence of GST-hBRC4, regardless of the
presence or absence of geminin. This result suggested that
RecQL4 chromatin association is independent of the function of
Rad51.
3.4. Effect of caffeine and wortmannin on DSB-induced
RecQL4 recruitment
To understand how DSB-induced chromatin association of
RecQL4 is regulated, we used caffeine or wortmannin to exa-
mine whether chromatin association was controlled by certain
checkpoint pathways. Caffeine inhibits ATM, as well as ATM-
and Rad3-related protein (ATR), and thus suppresses DNA
damage and DNA replication checkpoint pathways [26,27].
Wortmannin is an inhibitor of PI3-kinase family proteins,
including ATM and DNA-PK [28].
Addition of caffeine or wortmannin did not significantly
affect chromatin binding by RecQL4 during DNA replication in
EcoRI-free extracts, while there was a slightly greater accu-
mulation of Rpa30 on the chromatin (Fig. 4B, lanes 1–3). This
increase in Rpa30 binding may have resulted from the
stimulation of DNA replication due to inhibition of the DNA
replication checkpoint (Fig. 4A). We next examined the effect
of caffeine and wortmannin on DSB-induced chromatin loading
of RecQL4. The addition of either caffeine or wortmannin did
not have a significant effect on DSB-induced RecQL4 loading
(Fig. 4B, lanes 4–6). However, since these inhibitors alleviate
the suppression of DNA replication by the DSB-induced
checkpoint pathway (Fig. 4A), the observed RecQL4 chromatin
association was presumably the sum of DNA replication-
induced and DSB-induced chromatin binding by RecQL4.
We then added caffeine or wortmannin to geminin-contain-
ing extracts, to eliminate the effect of increased DNA
replication due to the inhibition of the checkpoint, in order to
detect only DSB-induced chromatin loading of RecQL4 (Fig.
4B, lanes 7–9). Under these conditions, DSB-induced chroma-
tin association of RecQL4 was decreased by the addition of
either caffeine or wortmannin. Chromatin association of Werner
protein (WRN), another member of the RecQ family that
accumulates on chromatin after EcoRI-treatment, was not
reduced by caffeine or wortmannin (Supplemental Fig. S2),
suggesting that these compounds target a RecQL4-specific
function in DNA-repair. In addition, wortmannin caused a
greater reduction in RecQL4 chromatin association than
caffeine (Fig. 4B, compare lanes 8 and 9). These results
suggested that the function of RecQL4 is regulated by DNA-PK
activity in addition to ATM activity, because wortmannin, but
not caffeine, shows selectivity towards DNA-PK [29,30]. The
DSB-induced chromatin association of Ku70 was not affected
by caffeine, and slightly stimulated by wortmannin. This was
likely due to the fact that Ku-heterodimer binds to DSB-sites
Fig. 3. Effect of Rad51 deficiency on chromatin binding by RecQL4.
Demembranated sperm nuclei (2000 nuclei/μl) were incubated at 23 °C for
60 min with egg extracts (10 μl) in either the absence (“none”) or presence of
0.2 units/μl EcoRI (“EcoRI”), 163 ng of GST-hBRC4 (“BRC4”), and/or 1 μM
geminin. RecQL4, Rpa30, and Rad51 in the resultant chromatin fractions were
detected by immunoblotting.
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pathway, which normally causes the release of Ku-heterodimer
from repaired sites on chromatin.Fig. 4. The effect of caffeine and wortmannin on chromatin loading of RecQL4. (A) D
supplemented with [α-32P] dATP in either the absence (“none”) or presence of 0.2 uni
none (“−”), 5 mM caffeine (“Caf”) or 100 μM wortmannin (“Wor”). Nascent DNA sy
insoluble fractions expressed as a percentage of that without caffeine, wortmannin o
45 min (“none”) or 60 min (“EcoRI”) with egg extracts (10 μl) in the absence or prese
the samples shown in lanes 7–8. The reactions also contained no inhibitor (“−”), 5 mM
the resultant chromatin fractions were detected by immunoblotting. Histone H3 was3.5. Analysis of chromatin associated RecQL4 using
immunoprecipitation
We next employed the chromatin-immunoprecipitation
(ChIP) assay to analyze the relationship between RecQL4 and
Ku70 in binding to chromatin (Fig. 5). Chromatin association of
RecQL4, Ku70 and Rad51 was induced by EcoRI treatment in
the presence or absence of geminin (Fig. 5B, “input”, also see
Figs. 3 and 4). We then sonicated the resultant chromatin
fractions to break the chromatin into short DNA fragments
averaging approximately 300 bp in length (Fig. 5A). The
chromatin was then subjected to immunoprecipitation using an
anti-RecQL4 antibody, and immunoprecipitates were examined
for the presence of RecQL4, Ku70 and Rad51 by immunoblot
analysis. Ku70 was present in RecQL4 immune complexes
upon DSB formation, but Rad51 was not (Fig. 5B, “ChIP”). We
confirmed that RecQL4 did not interact with Ku70 or Rad51
directly in Xenopus egg extracts by immunoprecipitation and
immunoblot analysis using an anti-RecQL4 antibody (Supple-
mentary Fig. S3). These results implied that RecQL4 associates
with chromatin near the Ku70-binding site in response to DSB-emembranated sperm nuclei (1000 nuclei/μl) were added to egg extracts (10 μl)
ts/μl of EcoRI (“EcoRI”). The extracts were incubated for 180 min at 23 °C with
nthesis is represented by the amount of radioactivity incorporated into the acid-
r EcoRI. (B) Demembranated sperm nuclei (2000 nuclei/μl) were incubated for
nce of 0.2 units/μl of EcoRI, respectively. One μM of geminin was also added in
caffeine (“Caf”), or 100 μMwortmannin (“Wor”). RecQL4, Rpa30 and Ku70 in
included in the immunoblot analysis as a loading control (“H3”).
Fig. 5. Chromatin immunoprecipitation analysis of RecQL4 from EcoRI-treated egg extracts. (A) Demembranated sperm nuclei (2000 nuclei/μl) were incubated at
23 °C for 45 min with egg extracts in the absence or presence of 0.2 units/μl EcoRI. After isolation and sonication of the resultant chromatin fraction, DNA was
purified and analyzed by 2% agarose gel electrophoresis to determine the average DNA fragment size. (B) The post-sonication supernatant of the chromatin fraction
was subjected to immunoprecipitation with non-immune (“NI”) or anti-RecQL4 (“RecQL4”) antibodies. RecQL4, Ku70, and Rad51 in the immunoprecipitates were
detected by immunoblotting (“ChIP”). Xenopus egg extracts (1 μl, “Ex”) and the supernatant of the sonicated chromatin (20% of the input used for
immunoprecipitation, “input”) were included in the immunoblot analysis.
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related to Ku heterodimer and DNA-PK-dependent pathway.
3.6. Involvement of RecQL4 in the repair of DSBs
To determine whether RecQL4 functioned in the process of
DSB-repair, we used egg extracts immunodepleted of RecQL4.
Immunodepletion removed most of RecQL4 from the extracts
without affecting the levels of histone H3 or Ku70 (Fig. 6A).
Sperm nuclei were briefly incubated with depleted or mock-
treated extracts containing EcoRI to induce DSBs. Chromatin
fractions were isolated in order to remove the restriction
endonuclease, and supplemented with fresh RecQL4-depleted
or mock-treated extracts. We monitored γH2AX in theFig. 6. Time-course analysis of γ-H2AX on damaged chromatin during incubation w
egg extracts. Mock-treated (mock) or RecQL4-depleted (ΔRecQL4) extracts (3 μl
antibodies. (B) Sperm nuclei (40,000 nuclei) were isolated after induction of DSBs
depleted (ΔRecQL4) Xenopus egg extracts, then incubated with 20 μl of fresh mock
time. RecQL4, Ku70, γH2AX in the resultant chromatin fractions were detected by
(“H3”).chromatin fractions as an index of DSBs that remained after
incubation in EcoRI-free conditions (Fig. 6B). We found that
γH2AX disappeared more slowly in RecQL4-depleted extracts,
compared to mock-treated extracts. However, the disappearance
of γH2AX was not completely compromised by the depletion
of RecQL4, as a substantial amount of γH2AX was eliminated
by 90 min in the RecQL4-depleted extracts. These results
suggested that weak repair activity was supported by the small
amount of RecQL4 remaining in the depleted extracts, or that
RecQL4 removal impaired only a part of the DSB-repair
pathway. In regards to the latter notion, it is noteworthy that the
reduction of γH2AX appeared to be mainly compromised by
the depletion of RecQL4 at an earlier stage (10–20 min) of
incubation.ith RecQL4-depleted extracts. (A) Immunodepletion of RecQL4 from Xenopus
each) were analyzed by immunoblotting using RecQL4, Ku70 or histone H3
by exposure to EcoRI for 5 min at 23 °C in mock-treated (mock) or RecQL4-
-treated or RecQL4-depleted extracts, respectively, for the indicated periods of
immunoblotting. Histone H3 was included in the analysis as a loading control
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chromatin, and significant levels were released within 30–
40 min, while RecQL4 started to bind to the chromatin at
10 min, and chromatin association gradually increased there-
after. In addition, the association and removal of Ku70 was
nearly unaffected in egg extracts depleted of RecQL4,
conditions under which chromatin association of RecQL4 was
hardly observed.
4. Discussion
In this study, we demonstrated that DSB-induced chromatin
association of RecQL4 was not affected by the inhibition of
DNA replication by geminin, and that RecQL4 loading in
EcoRI-containing egg extracts was suppressed by RPA-deple-
tion, but not in extracts lacking EcoRI, in which the initiation
process of DNA replication normally proceeds until the
chromatin-association of RPA. These results indicate that
RecQL4 accumulates on chromatin in response to DSBs by a
mechanism distinct from its association with chromatin during
DNA replication. In addition, our data suggest that RecQL4
functions in repair, rather than recognition, of DSBs, because
RecQL4 chromatin association occurred downstream of RPA,
which is involved in the early steps of DSB-repair. This idea is
also supported by the data showing that reduction in DSB-
induced γH2AX was significantly compromised in RecQL4-
depleted extracts (Fig. 6).
At present, two DSB-repair pathways have been well
described: Rad51-dependent homologous recombination
(HRR), and Ku70/80 heterodimer and DNA-PK-dependent
joining of broken DNA ends (NHEJ). Indeed, we found that
both Rad51 and Ku70 accumulate on chromatin in EcoRI-
containing egg extracts.
DSB-induced chromatin association of RecQL4 was depen-
dent on RPA, an essential factor for HRR, suggesting that
RecQL4 is involved in HRR. Then, we examined the effect of
recombinant hBRC4, which impairs the ability of Rad51 to
form nuclear foci in response to DNA damage in mammalian
cells, on the chromatin association of RecQL4, and found that
while GST-hBRC4 efficiently eliminated Rad51 chromatin
association in Xenopus egg extracts, RecQL4 loading was not
affected. In addition, ChIP analysis of chromatin-associated
RecQL4 suggested that Rad51 and RecQL4 are not bound in the
proximity of each other on chromatin. These results suggested
that RecQL4 functions in a step of the HRR pathway between
RPA- and Rad51-loading, and/or that RecQL4 is involved in
Rad51-independent DSB-repair under our experimental
conditions.
There have been previous indications that RecQL4 and
Rad51 co-localize to a single-stranded region after the induction
of DSBs in cultured human cells [8]. While this report de-
monstrated that RecQL4 co-immunoprecipitated with Rad51,
we detected no interaction between RecQL4 and Rad51 in Xe-
nopus egg extracts (supplementary Fig. S3). These discrepancies
may be due to differences between mammals and amphibians, or
between embryonic and somatic cells. It is also possible that
RecQL4 plays multiple roles in DSB-repair, and the behaviorobserved in the Xenopus egg extracts may be selective for
specific structures of DNA breaks or stages of the cell cycle. In
this regard, it should be noted that daughter DNA molecules
were hardly synthesized in our experiments using EcoRI, and
thus the experimental conditions are thought to mimic the G1 or
early S phase of the cell cycle, in which HRR is less effective for
the repair of DSBs [31].
DSB-induced RecQL4 chromatin association was signifi-
cantly decreased by wortmannin, an inhibitor of ATM and
DNA-PK. The effect of wortmannin was greater than that of
caffeine, an inhibitor more selective for ATM and ATR. In
immunoblot analysis of chromatin fractions, Rpa30 underwent
a shift in mobility after DSB-induction, and this shift was
diminished by wortmannin, but not by caffeine (Fig. 4B). A
similar shift in the mobility of the second subunit of RPA occurs
in HeLa cells, and is thought to be indicative of the hyperpho-
sphorylation for which DNA-PK kinase activity was reportedly
required, while ATM activity was not essential for the reaction
[32]. Thus, it appears that wortmannin efficiently inhibits DNA-
PK in Xenopus egg extracts, while caffeine does not.
Previously, we reported that EcoRI-induced DSBs activate a
checkpoint pathway that suppresses DNA replication in Xeno-
pus egg extracts [12]. Moreover, linearized plasmid activates
the ATM-dependent checkpoint pathway in Xenopus egg
extracts [33]. In the present study, we demonstrated that
caffeine and wortmannin block DSB-induced suppression of
DNA replication (Fig. 4A), suggesting that both kinase inhi-
bitors inhibit ATM-kinase to a comparable extent under our
experimental conditions. Therefore, the differential sensitivity
of RecQL4 chromatin association to wortmannin and caffeine
suggests that DSB-induced chromatin loading of RecQL4 is
dependent on both DNA-PK activity and a checkpoint pathway
initiated by ATM activity. In addition, although wortmannin
markedly attenuated DSB-induced chromatin loading of
RecQL4, RecQL4 loading was not completely eliminated,
suggesting that DNA-PK and ATM activities promote, but are
not required for, RecQL4 chromatin association in response to
DSBs. The association between RecQL4 and damaged
chromatin may be stabilized by DNA-PK- and ATM-dependent
phosphorylation after an initial low affinity binding of RecQL4
to the damaged site.
Using ChIP analysis, we demonstrated that Ku70 co-
immunoprecipitated with RecQL4 after the chromatin was
sonicated into ∼300 bp fragments. This result indicates that
RecQL4 binds near broken DNA ends where Ku heterodimer
binds. Alternatively, an interaction between RecQL4 and the
Ku-heterodimer may be induced by DSBs, although these
proteins did not co-immunoprecipitate in untreated extracts. The
association of Ku70 was resistant to depletion of RPA, or
treatment with wortmannin, conditions under which RecQL4
associationwas eliminated or reduced (Figs. 2 and 3), suggesting
that RecQL4 loading onto damaged chromatin is initiated or
stabilized after chromatin association of Ku heterodimer.
In addition, DSB-repair in RecQL4-depleted extracts
appeared to be compromised at an earlier stage, when the
transient chromatin association of Ku70 was considerable
(Fig. 6). Our experiments cannot exclude the possibility that the
563Y. Kumata et al. / Biochimica et Biophysica Acta 1773 (2007) 556–564effect of the RecQL4-depletion on a disappearance of γH2AX
was directly caused by a removal of a protein associated with
RecQL4. Even if this was the case, it could still be considered
that RecQL4 is physically associated with a DSB-repair protein
and probably plays some role in the cellular response to DSBs.
Despite the fact that the reduction in EcoRI-induced γH2AX
was compromised in the RecQL4-depleted extracts, the
majority of RecQL4 was loaded onto chromatin after the
substantial disappearance of γH2AX from the mock-treated
extracts. From this, it could be speculated that RecQL4 was
loaded onto chromatin after the repair process was completed.
However, γH2AX did not reach its basal level even after the
prominent association of RecQL4 onto chromatin. In addition, a
defect in the dephosphorylation of H2AX is reportedly linked to
inefficient repair of DSBs [34]. These two observations suggest
that γH2AX disappears before completion of the repair process.
Thus, the major association of RecQL4 with chromatin is still
possible to occur in response to DNA damage.
It is also noticeable that the kinetics of RecQL4 association
shown in Fig. 6 was inversely correlated with that of Ku70
dissociation from chromatin. Although our results suggested
that RecQL4 is loaded near Ku-heterodimer binding sites and
was somehow concerned to Ku and DNA-PK-dependent DNA
repair, this does not mean that RecQL4 exclusively functions in
this pathway during DSB-repair. In this regard, it is noteworthy
that human RecQL4 has shown to associate with Parp-1 [35],
which supposedly promotes HRR by interfering with Ku-
dependent NHEJ [36], and is involved in Ku-independent
joining of DNA ends [37,38].
The observations reported here suggest that RecQL4 is
somehow concerned with DSB repair pathways. The function of
RecQL4 is possibly through DNA-PK-promoted association to
a region proximal to the Ku-heterodimer binding site, although
the precise function of the protein is still uncertain. Future
analyses will be required to determine the molecular basis of the
function of RecQL4 in the repair of DSBs.
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